Abstract. The present study aimed to investigate the effects of hyperplasia suppressor gene (HSG) overexpression on the activation of airway fibroblasts in a rat model of chronic obstructive pulmonary disease (COPD) and assess the underlying molecular mechanisms. The rat model of coPd was established by injection of papain and confirmed by hematoxylin and eosin staining. Airway fibroblasts were identified using immunofluorescence, and HSG expression was facilitated by an HSG vector. Cell viability, apoptosis and the levels of matrix metallopeptidase-9 (MMP-9), platelet-derived growth factor (PdGF), and transforming growth factor-β1 (TGF-β1) were measured via Cell Counting Kit-8, flow cytometry and eliSa analyses, respectively, and potential mechanisms were detected by reverse transcription-quantitative polymerase chain reaction and western blotting. Airway fibroblasts from COPD rats were isolated and identified based on vimentin expression. compared with the control group, HSG overexpression reduced cell viability, promoted apoptosis, and reduced the protein levels of TGF-β1, MMP-9 and PdGF. additionally, HSG overexpression reduced β-catenin and ras homology family member A (RhoA) expression at both the mRNA and protein levels. conversely, Wnt signaling pathway agonists lithium chloride (licl) and 4-ethyl-5,6-dihydro-5-methyl-(1,3)dioxolo(4,5-j)phenanthridine (HLY78), significantly reduced the effects of HSG overexpression (P<0.05 vs. HSG). Cell viability in the HSG + LiCl and HSG + HLY78 groups was increased, whereas apoptosis was reduced compared with HSG treatment alone. The protein levels of TGF-β1, MMP-9 and PDGF were also decreased in the HSG + LiCl and HSG + HLY78 groups compared with the HSG group (P<0.05). Furthermore, the expression of β-catenin and rhoa was higher in the HSG + LiCl and HSG + HLY78 groups compared with the HSG group (P<0.05). collectively, the results indicated that HSG overexpression inactivated airway fibroblasts from COPD by inhibiting the Wnt signaling pathway.
Introduction
Chronic obstructive pulmonary disease (COPD) is a common respiratory disease characterized by incomplete reversibility of airflow obstruction. The pathological changes occurring in coPd include airway reconstruction and pulmonary artery reconstruction, particularly chronic bronchitis and emphysema (1) . airway remodeling is a key step in regulating disease progression, whereas uncontrollable activation of fibroblasts is central to airway reconstruction (1, 2) . as previously documented, factors including matrix metalloproteinase-9 (MMP-9), platelet-derived growth factor (PdGF) and transforming growth factor-β1 (TGF-β1) are notably involved in airway remodeling (3) (4) (5) .
The hyperplasia suppressor gene (HSG) can inhibit cell proliferation and the cell cycle (6, 7) . HSG is reportedly highly expressed in normal cells, with reduced expression in proliferating cells (8) (9) (10) . Overexpression of HSG can inhibit the malignant phenotype of breast cancer (11) and induce apoptosis in tumor cells (10) . Of note, recombinant HSG can suppress the proliferation, and induce the apoptosis of airway fibroblasts (12) ; however, whether HSG is a suppressor of airway fibroblasts, and the underlying mechanisms involved in this process are yet to be verified.
The Wnt signaling pathway is involved not only in lung development, but also in the pathogenesis of pulmonary fibrosis (13) , idiopathic pulmonary hypertension (14) and pulmonary interstitial disease (15) . The Wnt/β-catenin signaling pathway is required for cell differentiation, apoptosis, carcinogenesis, immunity, and other physiological and pathological processes (16, 17) (18) ; however, its role in cardiac and liver fibrosis has previously been explored (19, 20) . As both the HSG and Wnt signaling pathways contribute to fibrosis, it remains unclear whether HSG may regulate the Wnt/β-catenin signaling pathway in airway reconstruction. in the present study, an HSG overexpression vector was constructed to transfect airway fibroblasts in vitro to verify the effect of HSG overexpression on activation of airway fibroblasts, and assess the underlying mechanisms.
Materials and methods
Animals. a total of 20 male Sprague-dawley rats (age, 3 months; body weight, 250 g) were purchased from Hunan Slake Jingda Laboratory Animal Co., Ltd. [license no. SCXK (Hunan) 2016-0002]. all animals were raised in non-toxic plastic boxes, stainless steel wire cages and metal cages, and housed in a specific pathogen-free environment that was automatically maintained at a temperature of 22±2˚C and a relative humidity of 45-65%, under a controlled 12-h light/dark cycle with access to food and water ad libitum. all animal experiments were approved by the Ethics Committee of Guizhou college of Traditional chinese Medicine (Guiyang, china).
Establishment of a rat model of COPD.
Following anesthesia with sodium pentobarbital (40 mg/kg, intraperitoneal), rat skins were disinfected with iodophor. The epidermis and muscles along the middle of the neck were cut using surgical scissors to expose the trachea. Papain solution (2 mg/ml) was injected into the trachea at a dose of 1 ml/kg from top to bottom to reach the lungs. Subsequently, the animals were picked up and rotated to ensure that the drug had fully entered the trachea. Thereafter, the wound was sutured, and the animals were placed on an electric blanket. The animals were anesthetized with isoflurane (1% in oxygen) and decapitated 8 days after remodeling. airway tissues from 3 animals were collected on ice and fixed in 4% paraformaldehyde overnight at 4˚C. The tissues were sectioned into 5-µm thick sections and mounted on slides, followed by hematoxylin and eosin staining for 5 min at room temperature. The stained sections were observed under a light microscope (magnification: x200; BX51; Olympus Corporation).
Preparation of airway fibroblasts. a total of 12 rats were sacrificed and thoracotomized under aseptic conditions to collect airway fibroblasts as previously described (21) . A sterile scalpel was used to collect the tissue surrounding the airway; freshly obtained airway tissue from COPD rats was washed five times with phosphate-buffered saline (PBS) on an aseptic worktable. The tissue was then cut into 2x2-mm pieces using sterilized ophthalmic scissors. The tissue was pasted into the culture plate, and placed in a 5% co 2 incubator at 37˚C for 4 h. After cell adherence, freshly prepared medium containing DMEM (Gibco; Thermo Fisher Scientific, Inc.) and 10% fetal bovine serum (FBS; cat. no. 04-007-1A; Biological industries) was added to the culture plate, and the cells were further cultured in a 5% co 2 incubator at 37˚C. Cell growth was monitored, the cell supernatant was periodically discarded, and newly prepared DMEM +10% FBS culture medium was added into the culture dish.
Immunohistochemistry. The cultured dishes (3x10 3 /ml) were rinsed three times in PBS (3 min/wash), fixed in 4% paraformaldehyde for 15 min at room temperature, and permeated with 0.5% Triton X-100 PBS for 20 min at room temperature. Bovine serum albumin (5%; Gibco; Thermo Fisher Scientific, Inc.) was added to the culture dish, which was subsequently sealed at 37˚C for 30 min. Anti-vimentin antibody (1:250; cat. no. ab92547; Abcam) was added to the dish and incubated at 37˚C for 3 h. The diluted Cy3-conjugated secondary antibody (1:200, cat. no. BA1032, Wuhan Boster Biological Technology, Ltd.) was added and incubated at 37˚C for 30 min. Subsequently, DAPI was used to stain the nuclei for 3 min at room temperature, and the images were observed under a fluorescence microscope (magnification: x200) as previously described (22) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Airway fibroblasts (3x10
3 cells/well) were seeded in 6-well plates. Following transfection and/or treatment, total mrna was extracted using a Trizol ® assay kit (Baosheng Science & Technology Innovation Co. Ltd.). RNA quality was evaluated based on the optical density (260/280 nm). mrna was transcribed into cDNA using a SMART ® MMlV reverse Transcriptase kit (cat. no. 639522; Takara Biotechnology Co., Ltd.) at 37˚C using the following thermocycling conditions: 25˚C for 10 min, 37˚C for 120 min and 85˚C for 5 min, which was subsequently used as the template for fluorescent qPCR. The reaction mixture included the following components: Deionized water (9.5 µl), cDNA (1 µl), primers (2 µl) and 2X UltraSYBR Mixture (12.5 µl; HY-K0501; MedChemExpress llc) under the following cycling conditions: 35 cycles of 94˚C denaturation for 45 sec, 59˚C annealing for 45 sec and 72˚C extension for 60 sec. The relative mRNA expression of HSG, β-catenin and Ras homology family member A (RhoA) was calculated using GaPdH as the reference using the 2 -ΔΔCq method (23) . The primers used in the study are presented in Table I .
Experimental groups. Airway fibroblasts were divided into nine groups: control, vector, HSG overexpression (HSG), lithium chloride (LiCl), vector + LiCl, HSG + LiCl, 4-ethyl-5,6-dihydro-5-methyl-(1,3)dioxolo(4,5-j)phenanthridine (HLY78), vector + HLY78, and HSG + HLY78 (Fig. 1A) . Wnt signaling pathway agonists, LiCl (cat. no. B6083) and HLY78 (cat. no. C5433) were purchased from Apexbio Technology, LLC. The cells were treated with either 10 mM LiCl or 10 µM HLY78 for 24 h, at 48 h at 37˚C following transfection with the HSG vector.
Cell transfection. The HSG gene sequence (NM_130894) was obtained from the National Centre for Biotechnology Information database, and a biosynthetic gene fragment was cloned into the pCDNA3.1 (+) vector (Shanghai GenePharma co. ltd.) at the digestion site (Hind iii/Xho i). cells at 60% confluence were transfected with empty vector or HSG (1 µg/ml) using lipofectamine ® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). After 6 h, the medium was replaced with fresh dMeM containing 10% FBS and cultured in a 5% co 2 incubator at 37˚C for 48 h. The cells were then used in the following experiments.
Cell Counting Kit-8 assay. after discarding the culture medium, the cells (3x10 5 /ml) were washed with PBS and digested with trypsin for 2-3 min. next, the cells were resuspended, inoculated into 96-well plates and placed in a 5% co 2 incubator at 37˚C for 24 h. The assay was performed as previously described (24) . The optical density was determined using a microplate reader (Bio-Tek instruments, inc.) at 570 nm to determine cell viability.
Flow cytometry. The cells (3x10 5 /ml) were incubated in the dark with Annexin V-fluorescein isothiocyanate and propidium iodide (cat. no. AP101-100; Multisciences Biotech Co., Ltd.) for 30 min at room temperature. Subsequently, apoptosis was detected using a flow cytometer (BD Biosciences) within 1 h. Totally, four quadrants were divided based upon the fluorescence intensity and analyzed using FlowJo v10 (FlowJo, LLC). Quadrant Q2-2 was added to box quadrant Q2-4 to obtain the percentage of apoptotic cells.
ELISA. Statistical analysis. data were presented as the mean ± standard error of the mean with 6 independent repeats and analyzed using SPSS version 17.0 (SPSS, Inc.). Significant differences were determined using one-way analysis of variance, followed by the Student-Newman-Keuls post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

HSG overexpression reduces the viability of airway fibroblasts.
The airway tissue of the control group exhibited regular alveolar structure (Fig. 1B) . Pathological expansion and fusion of alveolar cavities were not observed. The wall of the bronchial tube was normal, the epithelium of the airway mucosa was smooth, cilia were neatly arranged, and obvious inflammatory exudation was not found in the tracheal cavity. in contrast, the airway tissue of the coPd group showed evidence of emphysema, alveolar dilatation, an alveolar wall that disintegrated and fused to form lung ulcers, and markedly decreased numbers of alveoli (Fig. 1B) . The goblet cells of the bronchial epithelium showed proliferation, and a number of inflammatory cells such as neutrophils and giant cells infiltrated the lumen, accompanied by the proliferation of fibrous connective tissue. The identification of airway fibroblasts is shown in Fig. 1C , wherein red indicates vimentin expression, and nuclear staining by DAPI is observed in blue. All cells showed vimentin expression, indicating successful preparation of the airway fibroblasts. Compared with the vector group, the HSG vector upregulated HSG expression at both the mRNA and protein levels (both P<0.05; Fig. 2A and B) , whereas the control vector did not influence HSG expression. Thereafter, the effects of HSG overexpression on cell viability were measured. The cell viability of the HSG group was decreased (vs. vector, P<0.05), which was inhibited by HLY78 and LiCl (vs. HSG, P<0.05; Fig. 3 ). Of note, LiCl and HLY78 alone increased cell viability (vs. control, P<0.05).
HSG overexpression facilitates apoptosis of airway fibroblasts.
To further examine the effects of HSG overexpression on apoptosis, flow cytometry was used to detect the cell distribution following double staining. The apoptosis rate in the HSG group was significantly higher compared with that observed in the vector group (P<0.05; Fig. 4 ). LiCl and HLY78 reduced the effects of HSG overexpression on apoptosis (vs. HSG, P<0.05). The rates of apoptosis in the HSG + LiCl and HSG + HLY78 groups were significantly lower compared with that detected in the HSG group (P<0.05). However, LiCl and HLY78 alone did not affect apoptosis (vs. control, P>0.05; Fig. 4) .
HSG overexpression reduces the levels of TGF-β1, MMP-9, and PDGF. The protein levels of TGF-β1, MMP-9, and PdGF in each group are shown in Fig. 5 . The levels of TGF-β1 (Fig. 5a), MMP-9 (Fig. 5B) , and PdGF (Fig. 5c ) in the HSG group were decreased compared with in the control group. In contrast, these levels were higher in the HSG + LiCl and HSG + HLY78 groups compared with the HSG group (P<0.05). LiCl and HLY78 alone also increased the levels of TGF-β1, MMP-9, and PdGF (vs. control; P<0.05).
HSG overexpression reduces the expression of β-catenin and
RhoA. The expression of β-catenin and rhoa in each group was normalized to GaPdH and is presented in Fig. 6 . The mrna levels of β-catenin (Fig. 6a) and rhoa (Fig. 6B) were higher in the HSG group compared with the vector group (both P<0.05). However, the expression of β-catenin and RhoA was reduced by LiCl and HLY78, respectively (vs. HSG, P<0.05). The protein expression of β-catenin (Fig. 6c) and rhoa (Fig. 6d) was also detected using western blot analysis. Consistent with the mrna expression, the protein levels of β-catenin and rhoa (normalized to GaPdH) in the HSG group were higher (vs. control, P<0.05), and the expression of β-catenin and rhoa was reduced by LiCl and HLY78, respectively (vs. HSG, P<0.05). The expression of β-catenin and RhoA was promoted by LiCl and HLY78 alone, respectively (vs. control, P<0.05).
Discussion
although the effects of HSG on tumors are well documented (10, 11) , the role of HSG in airway fibroblast proliferation in coPd remains unknown. The present study demonstrated that HSG overexpression reduced cell viability and facilitated the apoptosis of airway fibroblasts in a rat model of coPd. This mechanism involved inactivation of the Wnt signaling pathway. These data may have important implications for the treatment of airway remodeling in the future.
The pathogenesis of coPd is closely associated with factors, including smoking, exposure to air pollution and inhalation of dust (25, 26) . Pathological changes observed in COPD include chronic bronchitis, emphysema, airway reconstruction and pulmonary artery reconstruction (27) . in the present study, the alveolar wall became thinner, the number of alveolar septa was markedly reduced, the alveolar cavity was enlarged and ruptured, and lung ulcers formed following inhalation of papain. A previous study reported that exogenous recombinant HSG may inhibit cell proliferation and airway reconstruction (12) . in the present study, it was further reported that an exogenous HSG vector may reduce the viability, and promote the apoptosis of airway fibroblasts. Collectively, these studies indicated the importance of HSG as a potential target for the treatment of airway remodeling in patients with coPd.
in the respiratory system, the Wnt signaling pathway participates in the development of lung tissue and is involved in pulmonary fibrosis (28) . In the present study, activators of the Wnt/β-catenin signaling pathways were used to confirm the role of these pathways in the HSG-induced decrease in cell viability and increase in apoptosis. These results further indicated that Wnt signaling is involved in airway remodeling of coPd (29) (30) (31) (32) .
TGF-β1 is a known target of the Wnt pathway and a multifunctional protein (33) . it plays a role in cell growth, differentiation, apoptosis, and regulation of the immune system (34) (35) (36) . TGF-β1 is widely distributed in the trachea and bronchus, and found in infiltrating neutrophils, macrophages, and airway fibroblasts during the progression of COPD (37) . It is the most important fibrogenic cytokine and can reverse-regulate and stimulate fibroblasts to synthesize and secrete components of the extracellular matrix, leading to airway fibrosis (38) (39) (40) . In the pathogenesis of COPD, MMP-9 mainly functions by degrading extracellular components of the alveolar matrix and aggravating alveolar cavity expansion, thereby resulting in decreased elasticity and low retraction (41) . on the other hand, MMP-9 is involved in airway remodeling by destroying epithelial and endothelial cells (42) . in addition, MMP-9 is a target of the Wnt pathway (30, 43) . PdGF can stimulate the chemotaxis and proliferation of airway fibroblasts and extracellular matrix synthesis, one of the mechanisms of airway reconstruction (44) . The results from the present study showed that HSG regulates the expression of TGF-β1, MMP-9 and PdGF. additionally, the expression of these factors was regulated by the Wnt/β-catenin and Wnt/PcP signaling pathways. These results suggested that HSG may interfere with airway remodeling in coPd.
Additionally, HSG can inhibit the expression of MMP-9, PdGF, TGF-β1 in fibroblasts, thus inhibiting airway remodeling (45) . These regulatory effects are mediated by the Wnt signaling pathway. in the present study HSG was negatively associated with the Wnt/β-catenin and Wnt/PcP signaling pathways, which further confirmed the association between HSG and the Wnt signaling pathway. It can be concluded that HSG inhibits the proliferation of airway fibroblasts by inhibiting the abnormal activation of the Wnt signaling pathway. Therefore, the promotion of HSG expression, or inhibition of abnormal activation of the Wnt/PCP signaling pathway to inhibit the overexpression of MMP-9, PDGF and TGF-β1, may be an effective therapeutic strategy for airway remodeling in coPd. although HSG overexpression inactivated the Wnt signaling pathway, the specific mechanisms could not be verified. A previous study demonstrated that PTEN, another tumor suppressor gene, interacts with Wnt1 to regulate the Wnt signaling pathway (46) . Whether HSG is directly or indirectly linked to the Wnt signaling pathway requires further investigation.
The present study has certain limitations. First, the majority of the experiments were conducted in the cellular model, although airway fibroblasts were collected from COPD rats. In vivo experiments are required to confirm the present results. Second, an association was established between HSG and the Wnt signaling pathway in apoptosis; however, the exact mechanism of regulation requires further investigation. In addition, the contribution of autophagy and other types of cell death should also be determined in future studies.
in conclusion, our data demonstrated that HSG overexpression inactivates airway fibroblasts via regulation of the Wnt signaling pathway. This may represent a potential therapeutic target for coPd. 
